Mounting evidence points to a role for endogenous reactive oxygen species (ROS) in cell signaling, including in the control of cell proliferation, differentiation, and fate. However, the function of ROS and their molecular regulation in embryonic mouse neural progenitor cells (eNPCs) has not yet been clarified. Here, we describe that physiological ROS are required for appropriate timing of neurogenesis in the developing telencephalon in vivo and in cultured NPCs, and that the tumor suppressor p53 plays a key role in the regulation of ROS-dependent neurogenesis. p53 loss of function leads to elevated ROS and early neurogenesis, while restoration of p53 and antioxidant treatment partially reverse the phenotype associated with premature neurogenesis. Furthermore, we describe that the expression of a number of neurogenic and oxidative stress genes relies on p53 and that both p53 and ROS-dependent induction of neurogenesis depend on PI3 kinase/phospho-Akt signaling. Our results suggest that p53 fine-tunes endogenous ROS levels to ensure the appropriate timing of neurogenesis in eNPCs. This may also have implications for the generation of tumors of neurodevelopmental origin.
Introduction
It has become increasingly clear during recent years that mammalian cells use reactive oxygen species (ROS) to control cell signaling during cell proliferation, differentiation, migration, and cytoskeletal reorganization (Ushio-Fukai, 2006; D'Autréaux and Toledano, 2007; Giorgio et al., 2007) . Importantly, modulation of cellular redox state is a key mechanism that regulates the balance between self-renewal and differentiation in dividing glial progenitor cells (Smith et al., 2000) . More recent evidence also indicated that ROS are involved in the regulation of stem cell homeostasis and that disturbances in redox control can lead to defects in stem cell maintenance in multiple tissues (Chuikov et al., 2010; Le Belle et al., 2011) . However the role of ROS as well as their molecular regulation in embryonic neural stem cell (NSC) biology remain obscure. A better insight into this issue could have implications also for cancer development as well as for aging, where ROS act as signals able to influence differentiation and cellular life span.
Given that the transcription factor (TF) and tumor suppressor p53 has been shown in some cell types to possess an antioxidant function (Sablina et al., 2005) and to regulate adult neural stem cells self-renewal (Gil-Perotin et al., 2006; Meletis et al., 2006) or olfactory bulb neurogenesis (Armesilla-Diaz et al., 2009), we reasoned that ROS and p53 might control essential signaling pathways in telencephalic embryonic mouse neural progenitor cells (eNPCs). Therefore, in the present manuscript, we questioned whether ROS and p53-dependent fine-tuning of ROS might influence eNPC self-renewal and differentiation.
Indeed, our findings propose a role for p53 in the fine-tuning of progenitor cell ROS levels, which in turn regulate the appropriate timing of the neurogenic program. In addition, we show that p53 regulates neurogenic and oxidative stress gene expression programs and that both p53 and ROS-dependent neurogenesis depend on PI3K/phospho-Akt (P-Akt) signaling.
Materials and Methods

Animals. B6.129S2-Trp53
tm1Tyj/J and B6.129P2-Trp53 tm1Brn /J ϫ B6. CgTg(Nes-cre) 1Kln/J and B129 S2 TRP53II mice were purchased from The Jackson Laboratory and maintained as heterozygous breeding pairs. Mice were kept and experiments were conducted according to national and European Union laboratory animal standards on the project license granted by local authorities.
Mouse neural progenitor cell culture. Neural progenitor cell cultures were prepared from heterozygous breedings. Embryos were genotyped using the following oligo pairs: B129 S2 TRP53II, oIMR0013 forward, CTTGGGTG GAGAGGCTATTC, neo cassette; oIMR0014 reverse, AGGTGAGATGAC AGGAGATC, neo cassette; oIMR0036 forward, ATAGGTCGGCGGTTC AT; p53 oIMR0037 reverse, CCCGAGTATCTGGAAGACAG; p53B6/129 P2-Trp53loxP-B6.Cg(SJL)-Tg(Nes-cre)1Kln,oIMR8543forward,GGTTAA ACCCAGCTTGACCA,transgene;oIMR8544reverse,GGAGGCAGAGACAG TTGGAG,transgene;oIMR1084forward,GCGGTCTGGCAGTAAAAACTAT C, transgene; oIMR1085 reverse, GTGAAACAGCATTGCTGTCACTT, Figure 1 . A, FACS for the ROS indicator chloromethyl (CM)-DCFDA and for propidium iodide, which detects dead cells, on cultured E13 NPCs. p53Ϫ/Ϫ NPCs exhibit an increase in DCFDA, but not in PI staining intensity. Background (nonstained NPCs) signal (gray bars) was used to set the threshold for signal detection. B, Bar graphs of FACS data for CM-DCFDA (A) display mean percentages of DCFDAϩϩ (strongly positive) NPCs Ϯ SEM, from three independent experiments [wild type (wt) DCFDAϩϩ, 13% (Ϯ0.9 SEM); p53Ϫ/Ϫ DCFDAϩϩ 36% (Ϯ2.1 SEM);
ૺૺૺ p Ͻ 0.001, Student's two-tail t test]. C, E13 p53Ϫ/Ϫ NPCs from nestin-cre/loxP-p53 embryos exhibit in vitro increased DCFDA staining (by FACS) compared to wild-type control. D, The bar graph shows DCFDAϩϩ (strongly positive) FACS data (C) as mean percentages of DCFDAϩϩ cells Ϯ SEM from three independent experiments. E, E11 p53Ϫ/Ϫ telencephalons exhibit higher ROS ex vivo (mean DCFDA staining intensity by FACS). F, Bar graphs of FACS data (E) show mean percentages Ϯ SEM (wt, N ϭ 3; p53Ϫ/Ϫ, N ϭ 4; ૺ p Ͻ 0.05, Student's two-tail t test). G, One hour pulse of DHE in in vivo E16 Nes-cre/loxP p53 embryos demonstrates that both the VZ and the cortical plate of p53Ϫ/Ϫ telencephalons have higher ROS levels compared to wild type. H, The bar graph shows densitometric quantification of DHE signal intensity presented as mean percentage Ϯ SEM (wt, N ϭ 4; p53Ϫ/Ϫ, N ϭ 3; VZ-SVZ, ૺ p Ͻ 0.05; cortical plate, ૺૺ p Ͻ 0.01, Student's two-tail t test). I, Staining of differentiating E13 (DIV 5) NPCs for the neuronal marker Tuj1 (green), for the ROS indicator DHE (red) and the nuclear dye Hoechst (blue). J, The bar graph shows that the number of DHEϩ cells (percentage of total cells as measured by Hoechstpositive cells) is higher in p53Ϫ/Ϫ NPCs compared to wt. Values represent the mean Ϯ SD from two independent experiments.
ૺૺૺ p Ͻ 0.001 (Student's two-tail t test). K, The bar graph shows that the great majority of young Tuj1ϩ neurons are also DHEϩ. Values represent mean percentage Ϯ SD from three independent experiments. Scale bars: 100 m.
dard procedures (GC-RMA, RMA, MAS5). Genes differentially expressed were selected based on a two-fold change cut-off and significant statistical difference (ANOVA with Bonferroni's correction). Gene functional and pathway analysis was performed with David and Ingenuity software. The full list of the dysregulated genes is available as an Excel worksheet upon request.
Quantitative real-time PCR. RNA from cell and tissue samples was isolated using Trizol reagent (Invitrogen). One microgram of total RNA was treated with amplification grade DNase I (Invitrogen) as described by the manufacturer to eliminate possible genomic DNA contamination.
RNA samples were reverse transcribed with SuperScript II reverse transcriptase and Oligo(dT) 12-18 primers (Invitrogen), after which cDNA was diluted 25-fold with nuclease-free water, and quantitative realtime (qRT)-PCR reactions were prepared using Absolute qPCR SYBR Low Rox Mix (Thermo Fisher Scientific). qRT-PCR was run by the 7500 Fast Real-Time PCR System (Applied Biosystems) with a standard fast mode and additional melt curve stage. A relative quantification analysis was applied using the ⌬⌬Ct method, with ␤-actin as an endogenous control. The following primer pairs were used: Figure 2 . A, Immunohistochemistry for p53 on E11 telencephalons. p53 immunoreactivity is ubiquitous in highly proliferating cells of E11 telencephalons, yet decreasing in the preplate that is at the outmost layer of the telencephalon. Scale bar, 50 m. B, p53 immunoreactivity is detectable in the germinal zones of E13 mouse telencephalons, where proliferative neural progenitors reside. Notably, the intensity of p53 signal decreases considerably toward the cortical plate. C, Immunohistochemistry for nestin, a marker for proliferative NPCs on E13 telencephalons. The same regions that are strongly immunoreactive for nestin are positive also for p53 (B). D, Co-immunocytochemistry in E13 neurospheres co-stained for the pan-proliferative marker Ki67 and for p53. The great majority of p53ϩ NPCs are also Ki67ϩ. No detectable p53 immunoreactivity is found in p53Ϫ/Ϫ neurospheres. Scale bars (C, D): 100 m. E, The bar graph shows mean percentage (normalized to total number of Hoechstϩ cells) Ϯ SEM of Ki67ϩ, p53ϩ, and Ki67ϩ/p53ϩ double-positive cells in neurospheres.
ૺૺ p Ͻ 0.01 (Student's two-tail t test). F, The bar graph shows quantification of p53 mRNA during embryonic telencephalic development by quantitative real-time RT-PCR. p53 mRNA is most abundant at E13-E16, that is, during the neurogenic period of telencephalic development, decreasing remarkably thereafter. Mean p53 mRNA expression was normalized to ␤-actin. Three embryos per developmental stage and genotype were examined. Each experiment was conducted as triplicates. Error bars indicate ϮSD. G, p53 in vitro mRNA levels decrease upon differentiation the highest amount of p53 mRNA being expressed in proliferative neurospheres when assessed by quantitative RT-PCR. Data represent mean p53 mRNA expression normalized to ␤-actin Ϯ SD from two unrelated experiments, each triplicates ( ૺૺ p Ͻ 0.01; ૺૺૺ p Ͻ 0.001, two-tail t test). wt, Wild type. Immunocytochemistry. Cells were fixed with 4% PFA in PBS at room temperature for 15 min and immunostained according to standard protocols. Primary antibodies used were GFAP (rabbit, 1:1000; Millipore Bioscience Research Reagents), ␤III-tubulin (mouse, 1:1000; Promega), p53-CM5 (rabbit,1:500;Novocastra),Ki67(mouse,1:100;BD PharMingen), phospho-H3 (Ser10; rabbit, 1:100; Millipore), and doublecortin and phosphoS473Akt (both rabbit, 1:200; Cell Signaling Technology). Alexa Fluor 488 and Alexa Fluor 568 (Invitrogen) were used 1:2000 as fluorescent secondary antibodies. Axiophot2/Axioplan microscope and AxioVision software 4.8. (Zeiss) were used in imaging. For quantifications, five to eight fields each containing ϳ20 neurospheres or 500-1000 differentiating cells were counted. Neurite length of Tuj1ϩ differentiating neurons was measured using the autoneuron plug-in from the Neurolucida software (MBF Bioscience) from five to eight fields, each containing 500-1000 cells.
Immunohistochemistry. Brains were fixed in 4% PFA in PBS at 4°C overnight and cryoprotected in 30% saccharose at 4°C overnight, after which they were cut to 18 m coronal sections and stained according to the protocols described by the manufacturer specifically for each antibody. The primary antibodies used were p53-CM5 (rabbit, 1:500; Novocastra), phospho-H3 (Ser10) and nestin (rabbit and mouse, respectively, 1:100; Millipore), and BrdU (rat, 1:200; Novus Biologicals). Fluorescent secondary antibodies applied were Alexa Fluor 488 and Alexa Fluor 568 at 1:2000 dilution (Invitrogen). An LSM 780 laser scanning confocal microscope together with Zen 2011 software (Zeiss) and an Axiophot 2/Axioplan microscope with AxioVision software 4.8. (Zeiss) were used in imaging. Three to six sections per animal, each separated by 40 m, and three to six animals per group were examined to quantitate the number of phospho-H3-or BrdU-positive cells.
Endogenous ROS measurement. ROS indicator chloromethyl 2Ј7Ј-dichlorodihydrofluorescein diacetate (CM-H 2 -DCFDA; Invitrogen) was applied to assess endogenous cellular ROS levels in control and treated neurosphere cultures as well as in ex vivo ROS measurements. For CM-H 2 -DCFDA staining cells were incubated with 5 M CM-H 2 -DCFDA dye in Hibernate-E medium (Invitrogen) for 20 min at 37°C in the cell culture incubator. After washing with PBS, cells were incubated in neurosphere medium in the cell culture incubator for 30 min to allow cellular esterases to hydrolyze acetate groups and to render the dye responsive to oxidation. NPCs were then washed, dissociated with accutase to a single cell suspension and sorted by using CyAnADP fluorescence-activated cell sorting (FACS) and Summit software (DakoCytomation). Additionally, CM-H 2 -DCFDA-stained cells were incubated with propidium iodide (PI) 4 g/ml for 30 min in FACS buffer to detect late apoptotic and dead cells, and side and forward scatter were set to eliminate dead and aggregated cells. Nonstained cells were run as a negative control. At least 10,000 cells were counted in each experiment. For E11 ex vivo ROS measurements, the telencephalon was dissected, dissociated to single cells using papain (Worthington), and stained for CM-H 2 -DCFDA (Invitrogen) as described above. Stained cells were also incubated with propidium iodide 4 g/ml for 1 h in FACS buffer to detect late apoptotic and dead cells, and FACS was performed as above. Differentiating neural progenitor cells were stained with the ROS-sensitive dye dihydroethidine (DHE; 2 M; Invitrogen) for 30 min in the cell culture incubator, washed with PBS, and fixed for immunocytochemistry. In vivo ROS levels of B6.129P2-Trp53 tm1Brn / J ϫ B6.Cg-Tg(Nes-cre) 1Kln/J embryonic telencephalons were examined using DHE (5 mg/kg; Invitrogen).DHEwasadministeredintraperitoneally1h before embryos were killed. Brains were dissected, fixed in 4% PFA in PBS and processed for cryocutting. Fluorescence intensity of 18 m coronal slices was analyzed using ImageJ software. Three to five embryos per genotype were examined.
Flow cytometry. Immunostaining of NPCs for FACS was performed using the Fix and Perm Kit (Invitrogen). The following antibodies were used: phospho-AktS473 and doublecortin (both rabbit, 1:100; Cell Signaling Technology) and sestrin2 (rabbit, 1:100; ProteinTech Group). Alexa Fluor 488 and Alexa Fluor 633 (Invitrogen) were the fluorescent secondary antibodies, and they were used at 1:1000 dilution. For double staining with CM-H 2 -DCFDA, NPCs were first stained for CM-H 2 -DCFDA, whereafter immunostaining was performed. CyAnADP FACS and Summit software (DakoCytomation) were used for FACS and to analyze the data. Sort gates were set by side and forward scatter to eliminate dead and aggregated cells. Nonstained cells were run as a negative control for ROS analysis. Nonspecific IgG/Alexa secondary fluorophore staining was applied to define background staining from positive cells. At least 10,000 cells were counted in each experiment. FACS signal originating form nonstained cells or IgG control was used to set the threshold for analysis. In double stainings, spillover of the fluorescent signal to the other channel used was eliminated by color compensation according to standard procedures.
Ex vivo electroporation and culture. pEF1/ V5-His and pEF1/V5-His-Sesn2 plasmids were used in ex vivo electroporation of embryonic N ϭ 3) . D, Immunocytochemistry for the neuronal marker Tuj1 (red) of Ad-GFP-and Ad-GFP-p53-transduced p53Ϫ/Ϫ differentiating NPCs (DIV 3). Proliferative NPCs were transduced with adenovirus before being plated for differentiation. Nuclei were stained with Hoechst (blue). E, Immunocytochemistry for the astrocyte marker GFAP (red) and Hoechst (blue) on Ad-GFP-and Ad-GFP-p53-transduced differentiating p53Ϫ/Ϫ NPCs as in D. Scale bars: 50 m. F, Quantification of Tuj1ϩ/GFPϩ double-positive differentiating neurons (Tuj1ϩ/GFPϩ vs GFPϩ) after Ad-GFP and Ad-GFP-p53 transduction in NPCs. The bar graph shows that overexpression of p53 decreases the number of Tuj1ϩ neurons generated by differentiating p53Ϫ/Ϫ NPCs. The data are the mean percentage of Tuj1ϩ/GFPϩ double-positive neurons Ϯ SEM from three independent experiments. G, The bar graph shows that Ad-GFP-p53 transduction decreases mean neurite length of Tuj1ϩ/GFPϩ double-positive differentiating p53Ϫ/Ϫ neurons compared to GFP expressing control neurons. Values represent mean neurite length (in micrometers) Ϯ SD from two independent experiments. H, Quantification of GFAPϩ astrocytes in Ad-GFP-and Ad-GFP-p53-transduced differentiating E13 NPCs. p53 overexpression does not affect astrogliogenesis. Mean percentage of GFAPϩ/ GFPϩ double-positive cells (GFAPϩ/GFPϩ vs GFPϩ) Ϯ SEM from two unrelated experiments is shown.
ૺ p Ͻ 0.05; ૺૺ p Ͻ 0.01 (Student's two-tail t test). wt, Wild type.
telencephalons. DNA was purified with the Endofree Plasmid Maxi Kit (Qiagen). Two micrograms (2-3 l) of plasmid in saline with Fast Green (0.05%; Sigma) was microinjected into lateral ventricles of E13 mouse embryos. Five 40 V, 3 ms pulses were used to electroporate DNA. Hemisphere on the side of the positive electrode was used as a control in all experiments. In addition, electroporation of pEF1/V5-His was performed as an additional control. After electroporation, cortices were dissected and placed in growth medium [F-12/DMEM (1:1), 2% B27 (Invitrogen), 1% Pen-Strep, 2 mM L-Gln] in the cell culture incubator (5% CO 2 , 20% O 2 , Ͼ95% humidity). After 20 h expression, cortices were prepared for ROS measurement by FACS.
In vivo saline, N-acetyl-cysteine, and BrdU injections. Saline (0.9%; control) or N-acetyl-cysteine (NAC; 67 mg/kg; Sigma) in 0.9% saline was injected intraperitoneally from E10 onward daily to pregnant dams. Embryos were killed at E16, and telencephalons were dissected for ROS staining and snap frozen in liquid nitrogen for further experiments. Three embryos per treatment and genotype were analyzed.
BrdU (150 mg/kg; Sigma) was injected intraperitoneally to pregnant dams 1 h before embryos were killed. Embryonic brains were dissected and prepared for BrdU immunohistochemistry (IHC) as described above. Images were acquired using Axiophot 2/Axioplan microscope and AxioVision software 4.8 (Zeiss). Three to six animals per group, three sections per animal, each separated by 40 m, were quantitated.
Statistical analysis. Data are expressed as mean Ϯ SEM and, in some cases when indicated, as mean Ϯ SD. Data were analyzed by unpaired two-tail Student's t test, including ANOVA, to determine the statistical significance of data sets. Statistical significance is expressed as p Ͻ 0.05, p Ͻ 0.01, or p Ͻ 0.001 by two-tail Student's t test. 1A,B) or nestin-cre/loxP-p53 mice (Fig. 1C,D) displayed an increase in cellular ROS relative to wild-type cells, but no increase in cell death when assessed by propidium iodide staining (Fig.  1 A, B) . Similarly, when the analysis was performed ex vivo on acutely dissociated E11 telencephalons, p53Ϫ/Ϫ cells showed an increase in ROS (Fig. 1 E, F ) , but no increase in death (data not shown). At this developmental stage, which delineates the beginning of neurogenesis, the great majority of telencephalic NPCs are still proliferative.
Results
p53؊/؊ embryonic NPCs display an increase in cellular ROS levels
To explore the generation of ROS around the end of mouse telencephalic neurogenesis, DHE was injected to pregnant dams 1 h before killing and densitometric intensity of hydroethidine stained cells emitting red fluorescence upon hydroethidine oxidation was measured on sectioned E16 nestin-cre/loxP-p53 brains. Similarly to p53Ϫ/Ϫ E11 telencephalons, ROS levels were elevated in E16 embryonic brains (Fig. 1G,H ) . In the absence of p53, both the E16 ventricular zone (VZ)-subventricular zone (SVZ) and the cortical plate displayed significant increase in hydroethidine staining intensity. Furthermore, DHE staining pattern suggested that high ROS is especially a feature of young neurons, as the outmost layer of the cortical plate was most intensively stained for DHE (Fig. 1G) , although pial vasculature is also DHE positive, suggesting caution in data interpretation. In line with this, the great majority of young postmitotic neurons in vitro were double positive for DHE and Tuj1, an early postmitotic neuronal marker (Fig. 1I-K ) , with p53Ϫ/Ϫ differentiating NPCs displaying a further increase in the total number of DHEϩ cells (Fig. 1J ) . Hence, these data imply that high ROS is typical for young neurons and the absence of p53 contributes to a further elevation of ROS in proliferating NPCs as well as in newly generated neurons.
The pattern of ROS production parallels the distribution of p53 immunoreactivity in the developing telencephalon. IHC on coronal sections of E11 and E13 mouse telencephalons detected nuclear p53 expression in the germinal zones positive for the proliferative NPC marker nestin ( Fig. 2A-C) . p53 was expressed equally in the pallial and subpallial proliferative germinal zones, its expression decreasing toward the cortical plate. In line with the in vivo expression pattern, p53 was detected in the nucleus of cultured E13 NPCs (ϳ20% are strongly p53 positive-high expression; Fig. 2D ). Costaining for the pan-proliferative marker Ki67 demonstrated that the vast majority of the p53ϩ NPCs were also Ki67ϩ (Fig. 2E) . Importantly, there was no staining for p53 in p53Ϫ/Ϫ NPCs, an indication of the specificity of the antibody. Quantification of p53 mRNA by qRT-PCR showed that p53 mRNA is most abundant in embryonic telencephalons at E13-E16, the period of active expansion of the NPC pool and of neurogenesis, decreasing thereafter considerably (Fig. 2F ) . Similar quantification in cultured proliferating and differentiating NPCs confirmed that proliferating NPCs have the highest p53 expression level followed by a progressive decrease immediately upon induction of differentiation (Fig. 2G) .
Increase in ROS levels is related to initiation of neurogenesis
Next we investigated neural lineage commitment and differentiation potential of in vitro cultured E13 wild-type and p53Ϫ/Ϫ telencephalic neural progenitor cells in relation to ROS production. Initially, we found by immunocytochemistry for Doublecortin (DCX) on neurospheres that the number of DCXϩ progenitors was increased in p53Ϫ/Ϫ mice (Fig. 3A,B) . In accordance with this, differentiating p53Ϫ/Ϫ E13 NPCs exhibited enhanced expression of neurogenic genes (Fig. 3C-E) and displayed greater extension of neurites, while astrogliogenesis was not affected (Fig. 3F-I) . In addition, both GABAergic and glutamatergic differentiation was enhanced in p53Ϫ/Ϫ cells, as shown by Western blotting for VGLUT2 and GAD65/GAD67 (Fig. 3J,K) . Next, we explored neuronal differentiation in vivo on wild-type and p53Ϫ/Ϫ telencephalons by immunoblotting for neuronal marker proteins. In line with the results in cell culture, expression of the neuroblast marker DCX, as well of the GABAergic neuron marker GAD65/GAD67, was elevated between E13 and E16 (Fig. 3L) , whereas astrogliogenesis was not affected, as found by immunoblotting for the astrocyte marker GFAP (data not shown).
To directly link ROS with neurogenesis, we performed FACS on DCFDA/DCX double-stained progenitors, which demonstrated that the number of DCXϩ/DCFDAϩϩ p53Ϫ/Ϫ NPCs was elevated compared to the wild type (Fig. 4A) . Importantly, transduction of NPCs with Ad-GFP-p53 reversed the phenotype in p53Ϫ/Ϫ neurospheres (Fig. 4 B, C ) and differentiating cells (Fig. 4D-G) , leading to a decrease in DCXϩ cells in neurospheres and to a decrease in the number of Tuj1ϩ neurons and in neurite ૺૺ p Ͻ 0.01; ૺૺૺ p Ͻ 0.001 (two-tail t test). E, Immunoblotting of E16 p53Ϫ/Ϫ telencephalic lysates for neuroblast/immature neuron marker DCX, whose expression is reduced by NAC. Pregnant dams were injected daily from E10 onward, either with control saline or antioxidant NAC. Embryos were killed at E16. Antioxidant treatment decreased the amount of DCX (N ϭ 3). Scale bars: 100 m. outgrowth in differentiation conditions (Fig. 4D-H ) without, however, causing cell death (data not shown).
The possibility that the increase in DCXϩ cells/DCX protein levels was due to increased proliferation of DCXϩ cells rather than to the generation of DCXϩ cells per se was excluded by a number of experiments. First, immunostaining for the mitosis marker P-H3 or for the pan-proliferative marker Ki67 did not reveal a difference in proliferation between wildtype and p53Ϫ/Ϫ NPCs (Fig. 5A-D) . Second, costaining of wildtype and p53Ϫ/Ϫ neurospheres for P-H3 and DCX did not detect a significant difference in the proportion of P-H3/DCX doublepositive cells (Fig. 5E ), indicating that p53 does not play a major role in the proliferation of embryonic NPCs in the presence of EGF and FGF trophic factors. A third line of evidence comes from in vivo studies, where, likewise, we did not detect a difference in NPC proliferation between genotypes when the total number of BrdUϩ cells present in the VZ and SVZ of E16 telencephalons was quantitated after a short BrdU pulse (Fig. 5 F, G) or when the number of P-H3ϩ cells was counted in the VZ-SVZ of E13 and E16 telencephalons (Fig. 5H-J ) . Together, these data imply that if p53 has a role in the regulation of embryonic NPC proliferation, in its absence, other factors are able to compensate for it.
To directly functionally link ROS to neurogenesis, we pretreated proliferating neurospheres with H 2 O 2 and found that this promoted generation of Tuj1ϩ neurons (Fig. 6 A, B) . Conversely, pre-exposure of NPCs to antioxidant NAC decreased the number of neurons produced upon induction of differentiation and was able to partially revert the phenotype observed in p53Ϫ/Ϫ cells (Fig. 6C,D) . Together, these data imply that cellular redox status has a role in the initiation of neurogenesis. Moreover, they also suggest that the increase in in vitro neurogenesis in p53Ϫ/Ϫ NPCs presumably results from their enhanced oxidative cellular status. Next, we investigated whether this might also occur in vivo. NAC was administered intraperitoneally daily to pregnant dams since E10, animals were killed at E16, and telencephalic protein lysates were prepared for immunoblotting. Importantly, NAC antioxidant treatment led to a reduction in DCX protein when compared to the vehicle group, suggesting that downregulation of ROS suppresses neurogenesis also in vivo (Fig. 6E) . Neurogenesis and redox regulatory genes are dysregulated in p53؊/؊ neurospheres and telencephalons Our findings so far imply that p53 deletion facilitates ROS accumulation, and thereby drives neurogenesis and likely contributes to expression of neurogenic genes, whereas, in contrast, antioxidant treatment leads to a decrease in neuronal differentiation in cultured cells and in vivo. To cast some light on the molecular mechanisms potentially responsible for connecting oxidative stress to increased neurogenesis in p53Ϫ/Ϫ mice, we performed genomewide microarray gene expression analysis on cultured E13 wild-type and p53Ϫ/Ϫ neurospheres. Microarray analysis proved that several neurogenic genes including Otx1, Ngn2, Nr2f2, and Dcx (Table 1) were upregulated, whereas some others putatively involved in redox regulation were downregulated in p53Ϫ/Ϫ NPCs (Table 1 ; all genes p Ͻ 0.01). Several classically p53-regulated transcripts were also accordingly differentially expressed lending support to the soundness of the array data. The gene expression array data including fold changes and p values (available in a workable excel sheet upon request) include ϳ300 significantly dysregulated genes (two-fold change cut-off) between genotypes. Next, we explored the possibility that the increased expression of neurogenic genes might be related to cellular redox status.
Indeed, treatment of NPCs with H 2 O 2 or with antioxidant N-acetyl cysteine demonstrated that several of the dysregulated genes, such as Pax6, Otx1, Dcx, and Nr2f2, were responsive to cellular redox balance manipulation (Fig. 7A-F ) . The expression of p53 target gene and cell cycle regulator p21 was not affected, as opposed to the enhanced expression of Pdgfr␣, a classical ROSresponsive gene (Ruef et al., 1998) . Thus, we hypothesize that enhanced oxidative conditions may trigger expression of neurogenic genes and thus drive neurogenesis.
Four genes putatively related to ROS regulation, Sestrin2 (Sesn2), dicarbonyl/L-xylulose reductase (Dcxr), Epoxide hydrolase 1 (Ephx1), and Redd2/Dditl4 were downregulated in p53Ϫ/Ϫ NPCs, possibly contributing to the observed increase in ROS (Table  1; Cheong et al., 2009; Malagelada et al., 2011; Son le et al., 2011) . Sesn2 was identified previously as being directly regulated by oxidative stress in cancer cells, and it has been linked to a reduction of oxidized peroxiredoxins (Budanov et al., 2002 (Budanov et al., , 2004 . First, we confirmed that the expression of Sesn2 in proliferative NPCs is ROS responsive since exogenous ROS induced expression of Sesn2 mRNA (Fig. 8A) . Next, we verified the dependence of Sesn2 expression on p53 in our model system by performing qRT-PCR from Ad-GFP-p53-and control Ad-GFP-transduced NPCs. Indeed, transient overexpression of p53 in p53Ϫ/Ϫ cells induced expression of Sesn2 to a similar level as in wild-type cells (Fig. 8B) . Along the same lines, Sesn2 mRNA expression was decreased in p53Ϫ/Ϫ E13-E16 telencephalons, implying that p53 positively regulates its expression also in vivo (Fig. 8C) . Immunoblotting of NPC lysates for Sesn2 demonstrated that p53-null progenitors had lower amount of Sesn2 protein and that p53 overexpression in p53Ϫ/Ϫ NPCs upon Ad-p53-GFP transduction restored Sesn2 expression to wild-type levels (Fig. 8D ). Sesn2 protein was accordingly reduced at E13-E16 in p53Ϫ/Ϫ telencephalons, as shown by immunoblotting (Fig. 8E) .
To explore the function of Sesn2 in embryonic telencephalons, an ex utero electroporation approach was used. Either an empty vector or a DNA construct encoding Sesn2 was injected into the lateral ventricle of E13 telencephalons. After 22 h, we measured ROS from the hemisphere that was injected with the Sesn2 expression plasmid or with the empty vector, and from the noninjected control hemisphere by FACS. Expression of exogenous Sesn2, which was confirmed by FACS, decreased endogenous ROS compared to the control hemisphere according to the DCFDA ROS indicator (Fig.  8F,G) . Nonetheless, no difference in DCFDA staining was detected between the empty plasmid injected hemisphere and the corresponding control hemisphere (Fig. 8H ) . These data indicate that Sesn2 is able to fine-tune ROS levels in embryonic telencephalons.
PI3K/Akt pathway in p53-dependent neurogenesis
So far, we have shown that p53 modulates ROS levels and expression of genes related to redox regulation, and that ROS accumulation drives neurogenesis in p53Ϫ/Ϫ mice. In search for further mechanistic insight, we performed knowledge-based pathway analysis on our microarray data, which suggested that the PI3K/Akt pathway, whose activation may be coupled to ROS production in cancer cells (Kamata, 2009) , might play a role in p53-dependent regulation of embryonic neurogenic program. Therefore, we postulated that the increase in ROS and DCXϩ cells in p53Ϫ/Ϫ in in vitro NPCs and in vivo might be connected to dysregulation of the PI3K/Akt pathway in p53Ϫ/Ϫ cells.
We began by investigating whether P-Akt positivity and endogenous ROS levels correlated in neurospheres by performing FACS for P-Akt S473 and the ROS indicator DCFDA in in vitro cultured NPCs. Indeed, p53Ϫ/Ϫ neural progenitors displayed an increase in the number of P-Aktϩϩ cells, which correlated with DCFDA staining intensity (Fig. 9A) . Extension of this analysis to in vitro differentiating NPCs confirmed that the proportion of P-Aktϩ cells was higher in p53Ϫ/Ϫ, in line with the increased number of Tuj1ϩ neurons produced by differentiating p53Ϫ/Ϫ cells (Fig. 9 B, C) . Conversely, overexpression of p53 in p53Ϫ/Ϫ NPCs by Ad-p53-GFP transduction led to a substantial decrease in the number of P-Aktϩ cells (Fig. 9 D, E) . This was paralleled by a reduction of DCXϩ NPCs upon p53 overexpression (Fig. 4 B, C) .
Next, we examined the effect of the pharmacological inhibition of the PI3K/Akt pathway on NPC lineage commitment. Pretreatment of p53Ϫ/Ϫ neurospheres in proliferation conditions with LY294002, a PI3K inhibitor, decreased the number of DCXϩ cells, suggesting that the increase in DCX expression in p53Ϫ/Ϫ NPCs was at least partially due to elevated PI3K/Akt signaling ( Fig. 10 A, B) . Consistently, pretreatment also reduced the number of Tuj1ϩ neurons generated upon differentiation (Fig. 10C,D) . However, p53Ϫ/Ϫ progenitors displayed a more modest decrease in neuronal differentiation in response to LY pretreatment (Fig. 10C,D) . This is reminiscent of the H 2 O 2 prepriming of proliferating p53Ϫ/Ϫ NPCs that did not show a similar increase in neuronal differentiation as wild-type cells (Fig. 6 A, B) . Thus, it seems that p53Ϫ/Ϫ NPCs are "already primed" to a neuronal fate by their more oxidative cellular environment and higher P-Akt levels such that transient inhibition of the PI3K/Akt signaling is unable to turn them away from neuronal fate. This may indicate long-term changes in the signaling involving Akt in Figure 9 . A, FACS of E13 in vitro NPCs for the ROS indicator DCFDA and for P-Akt. p53Ϫ/Ϫ NPCs exhibit an increase in P-Akt/DCFDA double-positive cells and an increase in the total number of P-Aktϩ NPCs. Background signal (nonspecific IgGstained NPCs; gray bars) was used to set the threshold for signal detection. Percentages show P-AKT/DCFDA double-positive cells. Three independent experiments with similar results were performed. A representative experiment is shown. B, Double immunocytochemistry for Tuj1/Akt phospho-S473 on differentiating wild-type (wt) and p53Ϫ/Ϫ NPCs (DIV 5). Scale bar, 100 m. C, The bar graph shows quantification of P-Akt-and Tuj1-positive cells (B). p53Ϫ/Ϫ differentiating NPCs display an increase in both P-Akt-and Tuj1-positive cells. Data represent the mean percentage of positive cells Ϯ SD from three independent experiments. D, FACS for P-Akt after transduction of p53Ϫ/Ϫ NPCs with Ad-GFP-p53 or control Ad-GFP (18 h). E, The bar graph shows a decrease in the number of P-Aktϩ NPCs after Ad-GFP-p53 transduction compared to control Ad-GFP. Values represent the mean percentage of GFPϩ/P-Aktϩ strongly double-positive cells normalized to GFPϩ cells Ϯ SEM from three independent experiments. Gray bars indicate cells not positive for GFPϩ/P-Akt.
such a way that the proliferation phase largely determines subsequent signaling in postmitotic young neurons. In line with this, treatment of neurospheres in proliferation conditions with LY had a longlasting negative affect on the number of P-Aktϩ cells produced upon differentiation (Fig. 10C,E) . Together, these data emphasize the importance of the PI3K/Akt signaling in neurogenesis/neuronal maturation and suggest that the premature onset of neurogenesis in p53Ϫ/Ϫ NPCs is at least in part due to a more oxidative cellular status and increased PI3K/Akt signaling in neural progenitors. Furthermore, they also imply that the elevated ROS/PI3K/Akt signaling could provide a compensatory mechanism, which prevents overproliferation by inducing neurogenesis in p53Ϫ/Ϫ telencephalons.
Discussion
Increasing experimental evidence suggests that neural stem cells use endogenous ROS in the regulation of their normal cellular physiology. Two different cellular responses to changes in oxidative status have been proposed. In the first one, slight cellular overoxidation is sufficient to inhibit proliferation and to induce differentiation. In the second one, similar changes in oxidative status drive proliferation. The different outcomes have been suggested to depend on intrinsic cellular factors such as the duration of the increase in ROS and the developmental stage, as well as on extracellular signals that may modulate the response (Noble et al., 2005) .
Our work emphasizes the importance of ROS and PI3K/Akt signaling in neurogenesis/neuronal maturation and suggests that an enhanced oxidative cellular status and increased PI3K/Akt signaling in neural progenitors leads to premature neurogenesis, which is p53 dependent. However, it is important to highlight that Le Belle et al. (2011) also investigated ROS in the control of adult NPC division and induction of neurogenesis, coming to different conclusions from the present study. They demonstrated that proliferative adult NPCs are intrinsically more oxidized than other cells in the CNS, and that higher ROS levels are critical in maintaining proliferation in a PI3K/Akt-dependent manner. This discrepancy might be explained by assuming that loss of p53 alters this cellular system by further increasing ROS levels above the physiological preference in terms of oxidation. Therefore, our data can be seen as supportive of the model proposed by Smith et al. (2000) , according to which overoxidation inhibits self-renewal and induces differentiation. This interpretation is even more convincing assuming that the apparent lack of differences in the overall proliferation rate in p53-null mice is due to the co-existence of various neural progenitor cell populations with different proliferation rates not measurable by the methods used.
Although p53Ϫ/Ϫ tumor cells and tissues have been reported to exhibit increased ROS, no evidence for a role of ROS in p53Ϫ/Ϫ neural progenitor cells or brains was available until now. The work also identifies Sesn2 as a p53 target gene whose downregulation in p53Ϫ/Ϫ eNPCs is likely to contribute to the elevation in ROS, and thereby neurogenic differentiation in p53Ϫ/Ϫ telencephalons. However, despite the fact that our data strongly point to p53 as a regulator of neural progenitor cells' redox status, the possible aberrant effect of a complete loss of p53 function compared to physiological conditions during development should not be overlooked. Figure 10 . A, FACS of DMSO (control) and 10 M LY294002 (a PI3K inhibitor) pretreated E13 p53Ϫ/Ϫ neurospheres. Nonspecific IgG was used for background staining control. B, The bar graph shows that 10 M LY294002 treatment reduces the number of DCXϩ (strongly positive) NPCs as assessed by FACS (A). Data represent mean percentage of DCXϩϩ NPCs Ϯ SEM from three independent experiments. C, Immunocytochemistry for Tuj1 (green) and P-Akt (red) on differentiating wild-type and p53Ϫ/Ϫ neural progenitors after 10 M LY294002 pretreatment. Proliferative NPCs were pretreated either with DMSO or 10 M LY294002, and thereafter plated for differentiation without LY for 5 d. LY294002 pretreatment decreases the number of Tuj1ϩ and P-Aktϩ neurons generated upon differentiation. Scale bar, 100 m. D, The bar graph shows quantification of Tuj1ϩ neurons from LY294002-pretreated differentiating NPC cultures. Shown is mean percentage of Tuj1ϩ neurons normalized to the total number of cells (Hoechstϩ) Ϯ SEM from three independent experiments. E, The bar graph shows quantification of P-Aktϩ neurons from LY294002-treated differentiating NPC cultures. Shown is mean percentage of P-Aktϩ neurons normalized to the total number of cells Ϯ SEM from three independent experiments (N ϭ 3).
ૺ p Ͻ 0.05; ૺૺ p Ͻ 0.01 (two-tail t test).
